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ABSTRACT

The rate of plate convergence during arc-continent collision can be estimated from the rate at which the
secondary effects of subduction move across the underriding plate in advance of the plate boundary. The
following sequence of events is typical: (I) shoaling and/or emergence of the continental shelf, presumably
caused by lithospheric flexure; (2) rapid subsidence, by a combination of normal faulting and trenchward
tilting; and (3) a change from platformal to flysch sedimentation. Such a sequence has been recognized in
the Taconic foreland basin in eastern New York and interpreted as being the result of collision between the
ancient passive margin of North America and an island arc terrane at an east-dipping subduction zone
during Medial Ordovician times. A plot of age versus distance across strike shows that the diachronous
migration of these phenomena across the foreland proceeded at rates of 2 to 3 cm/yr; we regard this as the
plate convergence rate during the latter part of the Taconic Orogeny. Our result is comparable with modern
rates of plate motion and also agrees with an earlier estimate for the Taconic, which was based on the rate at
which a series of locations on the outer trench slope passed through fossil-defined isobaths.

qualitative idea of the geometry and location
of Ordovician plate boundaries, and of the
timing, directions, and rates of relative plate
motions. Paleomagnetism, which has been so
important in unravelling the accretionary his-
tory of allochthonous terranes in western
North America, is unlikely to provide any
quantitative information on the relative mo-
tions between North America and the Am-
monoosuc Arc which resulted in the Taconic
collision: the arc was so badly damaged dur-
ing the Devonian Acadian Orogeny that its
earlier paleomagnetic history is inherently
suspect, if not lost.

Recently, information on the rate of plate
convergence during the Taconic Orogeny has
come to light as one result of a long-term
paleontologic study in the Mohawk Valley of
New York (Cisne et al. 1982). Cisne and his
colleagues estimated plate convergence
based on the rate to which outer trench slope
locations passed through fossil-defined
isobaths. Their elegant method, unfortu-
nately, requires the collection of a vast body
of fossil data. The present paper describes a
somewhat simpler way of approximating con-
vergence rates during arc-continent collisions
such as the Taconic (Bradley et al. 1985a).
Our approach uses nothing more than the
stratigraphic and structural data that have
been collected routinely by survey geologists
for generations; hence it can be readily ap-
plied to many Phanerozoic arc-continent col-
lisions without the need for a major field effort.

INTRODUCTION

One of the rewards of working with the

present plate mosaic is that contemporary

tectonic motions can be quantified; but unfor-

tunately, this is not the case for the older

Paleozoic. If ancient plate motions could be

quantified so as to yield estimates of the

rates, directions, and duration of relative mo-

tion, then such data could be used to find

poles of rotation among the preserved rem-

nants of the ancient plates, greatly facilitating

the construction of palinspastic maps, esti-

mation of the width of closed ocean basins

and, perhaps, understanding of the dia-

chroneity of orogenesis. Quantification of an-

cient plate motions in this way also has impli-

cations for the general understanding of the

evolution of the plate mosaic.

Most geologists now agree that the Taconic

Orogeny was the result of an arc-continent

collision (Chapple 1973; Robinson and Hall

1978; Rowley and Kidd 1981; Stanley and

Ratcliffe 1983). Despite the success of this

model in rationalizing the Ordovician geology

of eastern New York and western New En-

gland, however, it has still provided only a

I Manuscript received March 21, 1985; revised

May 9, 1986.
2 Present address: Lamont-Doherty Geological

Observatory, Palisades, NY 10964.

[JOURNAL OF GEOLOGY, 1986, vol. 94, p. 667-681]
@ 1986 by The University of Chicago. All rights
reserved.
0022-1376/86/9405-002$1.00

667



668 D. C. BRADLEY AND T. M. KUSKY

FiG. I.-A. True scale cross section of an impending collision between a passive continental margin and a
magmatic arc. Note the locations of peripheral bulge, normal faulting, flysch sedimentation, and compres-
sional deformation. B. After 350 km of additional plate convergence, the arc continent collision is in
progress. The former shelf has moved into the region of peripheral uplift and normal faulting, the former
continental slope is buried by trench fill, and continental rise sediments are being scraped off and incorpo-
rated into the accretionary prism.

THEORETICAL BASIS FOR DETERMINING

CONVERGENCE RATES DURING COLLISION

BETWEEN AN ARC AND A PASSIVE

CONTINENTAL MARGIN

rapid turbidite sedimentation, resulting in
burial of the block-faulted basement. The
base of the inner trench slope is a seaward-
verging thrust (or blind thrust) along which
trench-fill sediments are scraped off into an
accretionary prism (Karig and Sharman
1975). These zones of (I) flexural uplift, (2)
normal faulting of a regionally tilted and
trenchward deepening surface, (3) flysch
sedimentation, and (4) compressional defor-
mation overlap to some extent (fig. la).

When plate convergence brings a passive
continental margin into this steady-state ar-
rangement, these phenomena move in se-
quence onto the continent. Ideally, each sec-
ondary effect should move at a rate
comparable to convergence rate between the
arc and continent. However, if the flexural
strength of the transitional and continental
lithosphere is significantly greater than that of
the oceanic lithosphere, these features could
conceivably migrate at a rate faster than the
convergence during passage of the arc onto
the continent. Figure Ib shows the distribu-
tion of these features during an early stage of
collision. The continental shelf has become
the site of the peripheral bulge, and because it
was already near sea level, uplift of 100 or 200
m results in shoaling and/or emergence of the
shelf. The continental slope (now the outer
trench slope) has become an area of normal
faulting, while the former continental rise has

The fate of most ancient Atlantic-type mar-
gins has been to collide with a magmatic arc.
Studies of Phanerozoic examples (e.g.,

Timor, Taiwan, Oman, Antler, Brooks
Range, Ouachita, and Taconic; Burke et al.
1984) have revealed a readily recognized pro-
gression of events during collision.

Subduction of ocean floor leads to the de-
velopment of several features that become
important in determining convergence rates
when subduction ultimately leads to collision
(fig. la). On the oceanward side of the trench
axis, normal ocean floor is commonly de-
formed by a broad, gentle peripheral swell
that forms as an elastic response to flexure of
the downgoing slab (Turcotte et al. 1978;
Bodine and Watts 1979). Typical flexural
bulges in oceanic lithosphere have crests
located 100-200 km from the trench line, and
amplitudes of a few hundred meters (hence,
even the crest of the bulge is still at abyssal
depths). The outer slope of a typical deep sea
trench is cut by down-to-trench normal
faults, which are also considered to form in
response to bending of the subducting slab
(e.g., Hanks 1979). Being lower than its sur-
roundings, the trench floor is often the site of
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FiG. 2.-A. Idealized plot showing the diachronous nature of geologic phenomena which move in ad-
vance of the overriding plate which is responsible for them. The vertical axis is time and the horizontal axis
is distance measured perpendicular to strike on the underriding plate. The slope of "contacts" between
regimes gives the convergence rate. B. An idealized convergence curve with relatively fast subduction of
oceanic lithosphere at a constant rate, followed by continental collision, during which plate convergence
slows to a stop. Because of this effect, convergence rate calculations from collisional forelands such as the
Taconic are probably minimum values.

that the amount of convergence during a
given interval can be determined if the rate is
known. If the duration of arc magmatism can
also be determined, it should then be possible
to make a reasonable estimate of the
minimum width of the ocean.

been buried by younger sediments in the
trench axis, and the more distal rise sedi-
ments have been scraped off and incorpo-
rated into the lower part of the accretionary
prism. Continued plate convergence would
result in the displacement of each of the
above phenomena toward the craton.

The normal component of the rate of plate
convergence can be obtained if the peripheral
bulge, outer trench slope, trench floor, and
accretionary prism are recognizable, steady-
state environments which migrate across a
collisional foreland in advance of the arc (fig.
2a). Figure 2b shows a likely shape of a plate
convergence curve, with the convergence
rate decreasing with time, as might be ex-
pected when an arc-continent collision
"grinds to a halt." It follows from figure 2

PREVIOUS AND RELATED WORKS

Several workers have used aspects of the

rock record as indirect measures of the rate

of relative plate motion, each tracking the

diachronous migration of some geologic phe-

nomenon in advance of a convergent plate

boundary. Dubois et al. (1975, 1977) com-

puted convergence rates between the Pacific

and Australian plates at the Tonga and New

Hebrides trenches from the history of uplift

of island chains that are obliquely passing
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over flexural bulges and are soon to be sub-
ducted. Their results (90 and 120 mm/yr, re-
spectively) are close to the 98 mm/yr cal-
culated from Minster et al.'s (1974) pole and
rotation rate. In the Timor Trough, where the
passive margin of northwestern Australia is
being subducted beneath the Banda Arc,
Veevers et al. (1978) used sediment cores and
seismic reflection profiles to trace the migra-
tion of a "topographic wave" (corresponding
to flexural uplift of the shelf, rapid subsidence
into the trench, and uplift in the accretionary

prism). They concluded that this wave mi-
grated southward at a rate of about 53 mm/yr
from 3.0 to 1.8 Ma, and at a much slower rate
of about 5 mm/yr since then. It seems likely
that the rate of southward migration corre-
sponds to a rapidly decreasing rate of plate
convergence between the Banda arc and the
Australian continent. The calculated conver-
gence rate between Australia and Eurasia (77
mm/yr, from Minster and -;Jordan 1978) agrees
reasonably well with the Pliocene rate, and
since then, most relative motion has evi-

dently been accommodated at the incipient
subduction zone north of the Banda arc. In
the ancient record, Johnson and Pendergast
(1981) determined a convergence rate of 6
mm/yr during the Antler Orogeny (western
U .S.), from the cratonward migration of
sedimentary facies belts in front of the
Roberts Mountains Allochthon. This result
cannot be confirmed, but equally slow rates
of relative motion are known in the present-
day plate mosaic. Lyon-Caen and Molnar
(1985) inferred from similar evidence that the
Himalayan front is advancing southward at
10-15 mm/yr. Since the Indian and Eurasian
plates are converging at about 50 mm/yr ,
some relative motion must be taken up be-
tween Tibet and Eurasia. In the Alpine Sys-
tem, Van Houten (1974) noted that the depo-
sitional axis of the Flysch migrated to the
northwest at a rate of 20 mm/yr, although he
did not explicitly interpret this as a rate of

plate convergence. Ettensohn (personal
comm. 1986) has recently shown that the

strike-parallel component of the rate of rela-
tive motion during the Acadian Orogeny can
be obtained from the southward migration of
black shale depocenters in the foreland basin.
Estimates of convergence rates based on
palinspastic restorations have been made by
Hsu and Schlanger (1971) in the Alps and by
Dickinson et al. (1983) in the Antler.

In essence, Cisne et al. (1982) based their
estimate of the convergence rate during the
Taconic Orogeny (about 2 cm/yr) on the time
it took a series of localities on the outer
trench slope to .,ass through a sequence of

paleontologically identified depth zones. Nu-
merous volcanic ash horizons allowed pre-
cise time correlation from one measured sec-
tion to the next, thereby eliminating any

potential chronologic error due to facies con-
trol of fossil distribution. It was their remark-
able study which led us to recognize a general
approach to determining convergence rates
during arc-continent collision (Bradley et al.
1985a) combining the approaches used in the
various works cited above. Our result for the
Taconic compares favorably with that deter-
mined by Cisne et al. (1982).

APPLICATION OF THE METHOD

TO THE TACONIC OROGENY

Geologic Setting.-Effects of the Taconic

Orogeny can be recognized from Newfound-

land to Alabama. Virtually all recent workers

have interpreted it as the product of a colli-

sion between the east-facing (present direc-

tion) passive margin of North America with a

magmatic arc or arcs over an east-dipping

subduction zone (Stevens 1970; Chapple

1973; Hiscott 1978; Rowley and Kidd 1981;

Hatch 1982; Shanmugam and Lash 1982;

Stanley and Ratcliffe 1985). In the type area

of New York and western New England, the

principal features of the orogen can be ap-

preciated with reference to eight Precambrian

through Ordovician rock units (figs. 3 and 4).

Metamorphic and plutonic rocks of the

Grenville Province form the Precambrian

basement of what by Cambrian time had be-

come the continental margin of North

America. Grenville basement is exposed in

the area of figure 3 along the southern flank of

the Adirondack Mountains, and in a few ero-

sional windows through the lower Paleozoic

cover. The Grenville is overlain by a shallow

marine sequence consisting of westward-

transgressing, basal siliciclastics (Potsdam

Sandstone) overlain by carbonates (Beek-

mantown Group). Since the work of Zen

(1967), Rodgers (1968), and Bird and Dewey

(1970), this sequence has come to be univer-

sally regarded as having been deposited on a

thermally subsiding passive margin. The
Beekmantown carbonates extend into the

Lower Ordovician, and are truncated bv a
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for regarding the Taconic Orogeny as an arc-
continent collision. According to this inter-
pretation, the Taconic foreland basin is what
remained of the topographic trench when
convergence ceased (fig. 5), the Taconic
thrust belt is the accretionary complex, and
the Bronson Hill Anticlinorium, containing
the Ammonoosuc Volcanics, is the magmatic
arc. The succession described in the preced-
ing paragraph can be traced well to the east of
the Taconic deformation front, where it is ex-
posed in windows through the Taconic and
related thrust sheets. The Medial Ordovician
history is strikingly similar to that of the
Mohawk Valley: following platformal deposi-
tion during Cambrian and early Ordovician
times, the shelf was uplifted and block-
faulted (the Tinmouth Phase of the Taconic
Orogeny; Rodgers 1971; Zen 1967, p. 10;
Rowley 1982), then buried beneath black
shales and turbidites (Walloomsac, Ira For-
mations) and ultimately, in places, by olisto-
stromes (Whipstock Breccia of Potter and
Lane 1969).

Structurally overlying these rocks in the
Taconic Allochthon, a package of thrust
slices of deep-water Cambro-Ordovician sed-
iments that were deposited in a continental
slope and/or rise setting (Zen 1967; Bird and
Dewey 1970). The uppermost unit in the al-

Middle Ordovician disconformity discussed
below under the heading "Peripheral Bulge."

Above this surface lies a second sequence
of marine carbonates, the Black River and
Trenton Groups, which deepen upward and
eastward into black, marine shale of the
Utica Shale and lithologic equivalents (e.g.,
Canajoharie). Each of these units was depos-
ited during a time when the former continen-
tal shelf was being cut by high-angle faults

(described below under the heading "Normal
Faulting") which Chadwick (1917) first sug-
gested were genetically related to Taconic
thrusting. The Utica coarsens upward into
turbiditic siltstones and sandstones which are
assigned to the Frankfort and Schenectady
Formations in the west and to the Snake Hill
and Austin Glen Formation in the east (see
discussion under the heading "Flysch

Sedimentation"). Uppermost Ordovician
molasse facies (Quassaic Formation) succeed
the flysch to the south of the area of figure 3.
Shallow marine strata of Silurian age overlie
the Ordovician disconformably in the west-
ern part of figure 3; this contact becomes one
of angular unconformity to the east (see dis-
cussion under the heading "Compressional

Deformation").
Geologic relations from the Ordovician

thrust front eastward provide the main basis
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FIG. S.-Schematic paleogeographic block diagram of the Taconic foreland basin, New York, near the
close of the Taconic Orogeny. Stratigraphic units are represented on the front face as follows: dolostone
pattern = Cambrian and Lower Ordovician; limestone pattern = Black River and Trenton Groups; black
= Utica Shale; stipple = Austin Glen Greywacke; conglomerate pattern = melange and/or olistostromes.

lochthon is the east-derived Pawlet Forma-
tion, a lithologic correlative of the Austin
Glen Formation. Rowley and Kidd (1981) in-
terpreted it as recording the arrival of the
continental rise at the trench.

The Taconic Allochthon is but one of an
imbricate stack of thrust sheets that extend
across strike into east-central Vermont,
where the first-formed slices consist of
strongly deformed metasediments and dis-
membered ophiolites. This serpentine belt
has been interpreted as that part of the ac-
cretionary complex that formed before the ar-
rival of North America at the trench (Rowley
and Kidd 1981; Stanley and Ratcliffe 1985).
Still farther east, much obscured beneath Si-
luro-Devonian strata and modified by the ef-
fects of the Acadian Orogeny, is a belt gener-
ally interpreted as the Ordovician magmatic
arc (the Ammonoosuc Arc as shown by Row-
ley and Kidd 1981) which was presumably
responsible for the Taconic collision. In west-
ern New Hampshire, its axis corresponds to
the Bronson Hill Anticlinorium. This is well
to the east of the most easterly exposures of
Grenville basement and is probably about
where the Taconic sequence was deposited.

Peripheral Uplift. -Subduction-related
drowning of the passive margin was preceded
by development of a widespread unconfor-
mity in the shelf sequence. In the Mohawk
Valley, Lower Ordovician carbonates of the

upper part of the Beekmantown Group are
overlain disconformably by carbonates of the
Black River and Trenton Groups. The gap in
the record is thought to span about 5 Ma
(Fisher 1980, p. 6), during which time consid-
erable erosion took place in some areas. For
example, in the northwestern corner of the
area of figure 3, erosion was sufficient to re-
move the Beekmantown entirely, so that
Black River- Trenton carbonates rest directly
on basement. Several writers have specu-
lated that the principal Medial Ordovician
disconformity records uplift of the shelf in
response to its passage over a flexural bulge
(Bird and Dewey 1970; Chapple 1973; Row-
ley and Kidd 1981; Jacobi 1981). However,
Cisne et ai. (1982) pointed out that a flexural
bulge is not obviously present on the north-
western margin of Australia, and hence it is
not clear whether one should be expected in
the Taconic foreland. Alternatively, this sur-
face might instead be attributed to a major
eustatic event, as discussed by Mussman and
Read (1986, p. 292). Minor erosion surfaces
of local extent are also reported higher in the
Black River- Trenton sequence (Fisher 1977;
Cisne et al. 1982).

In question is whether or not the craton-
ward migration of some phenomenon associ-
ated with a peripheral bulge can be used to
help establish a convergence rate. Whatever
its origin, the sub-Black River conformity is
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not demonstrably diachronous, and therefore
cannot be used for this purpose. We suggest,
however, that the youngest medial ordovi-
cian disconformity of inferred sub aerial ori-
gin can be used to date the final emergence of
each section along the transect. What sets
these surfaces of erosion/non-deposition
apart from all older ones is that abrupt
deepening of the continental margin im-
mediately followed.

In figure 6, the age of the horizon im-

mediately above the last unconformity is
plotted against location across strike. Each of
the three occurrences is younger than the one
to its east. In the Amsterdam Quadrangle (fig.
3, location UI), the Larrabee Limestone
(Lower Trenton Group; Kirkfieldian Stage of

Kay 1968) lies above this surface (Fisher
1977, his plate 4). Just west of the Sprakers
Fault (location U2), Utica Shale in the Cory-
noides americanus zone directly overlies
Lower Ordovician strata (Fisher 1980; Riva

1969, p. 13-5). Considerably farther' west, at
Frenchville (location U3), Utica also overlies
the youngest disconformity but is three grap-
tolite zones younger (Climacograptus pyg-
maeus; Riva 1969, p. 13-7) than at Sprakers.
A visual best-fit line through these three

points implies a convergence rate of about 2

cm/yr (fig. 6).
Normal Faulting on the Outer Trench

Slope.-As described above, the Black River
and Trenton Groups form a deepening up-
ward carbonate sequence that passes east-

IsotOPic
aQQ(Ma) StaQQ Graptolit~

Zon~

FIG. 6.- Time-distance plot for the Taconic foreland basin (left of X = 0) and the area immediately to the
east which was overthrust by the Taconic Allochthon. The horizontal axis is distance measured along a
transect with an azimuth of 105°. This value is perpendicular to the strike of foliations near the Taconic
thrust front (from Bosworth and Vollmer 1981), and is nearly parallel with the trend of outer trench slope
paleocurrents, which Cisne et al. (1982) used to define a transect azimuth of 103°. The vertical axis (time)
has been calibrated by interpolation between the base and top of the Caradocian Stage (as given by Harland
et al. 1982). Data used as a basis for various estimates of convergence rate are from table I and the text.
Horizontal error bars correspond to uncertainties as to the exact location of measured sections or key fossil
occurrences. Vertical error bars correspond to age spans permitted by fossil evidence. The absence of error
bars around many points does not imply that these are necessarily that well constrained, but only that we
have no way of evaluating the potential error without additional information. Best-fit lines connect points
which represent diachronous phenomena, and these are visually best-fit because many potential sources of
uncertainty cannot be quantified (e.g., the uncertainty due to assigning isotopic ages to North American
faunal zones based on correlation with the British Caradocian). Slopes are shown in mm/yr, but the last digit
is not considered significant. The line fitting "F" points omits Fla and F2a (fig. 3) because the purpose is to
date the earliest Middle Ordovician conglomerates related to a given fault. Abbreviations for stages: Lla =
Llandeilian; Low = Lowvillian; Cha = Chaumontian; Roc = Rocklandian; Kir = Kirkfieldian; Sho =
Shorehamian; Den = Denmarkian; Cob = Cobourgian; Ash = Ashgillian. Graptolite zones are from Riva
/1974\
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example, on the earliest motion on each fault.
Accordingly, in figure 6, we have used only
those points that correspond to the first con-
glomerates deposited near faults. These
could only have been deposited when the up-
thrown fault block was above sea level;
hence they can be interpreted to record an
early phase of normal faulting.

In a rough way conglomerate occurrences
show that the normal faulting front advanced
from east to west. At locality FI (figs. 3 and
6), evidence that the Hoffmans fault was ac-
tive during deposition of the Amsterdam
(Black River Group) is provided by clasts (up
to I m across) ofBeekmantown carbonates in
conglomeratic horizons near the fault (Fisher
1980, p. 18 and 38). Conglomeratic horizons,
in the overlying Larrabee Formation (lower
Trenton Group) here and along strike to the
north (locality Fla) contain Black River
clasts (Park and Fisher 1969), suggesting that
displacement on the Hoffmans fault con-
tinued for some time. Farther west, Cisne et
al. (1982, p. 235) noted clasts of Potsdam-
type sandstone and Beekmantown-type
dolostone at the base of the Trenton lime-
stone just east of the Noses Fault (fig. 3, lo-
cality F2); but this far west there is no evi-
dence of motion as early as Black River time.
In nearby Sprakers (fig. 3, locality F2a),
Sherman Fall-age limestones of the Trenton
Group contain boulders of Beekmantown
dolostone up to 60 cm in diameter (Kay 1937,
p. 264), constraining the age of early motion
on the Sprakers Fault. Point F3 represents
the Kings Falls Limestone (Kay 1968), a
member of the lower Trenton Group contain-
ing clasts of older Trenton, Black River, and
Beekmantown near the Dolgeville fault at
Inghams Mills (Kay 1937, p. 264) (fig. 3). We
discovered clasts of Grenville basement
gneiss at this locality in 1983. Point F4 repre-
sents the lower of two conglomeratic, slump-
folded horizons in the upper Trenton at the
type section at Trenton Falls (Kay 1953, p.
59), just east of the Prospect Fault. The
above relationships together suggest that the
convergence rate was around 2 cm/yr .

Black Shale and Flysch Sedimentation.-
Shallow marine carbonates of the Trenton
Group are replaced eastward and upward by
deeper water, slump-folded limestones in-
terbedded with graptolitic shale (Dolgeville
facies of Fisher 1979), which in turn give way

ward and upsection into black shales. These
carbonates are interpreted as having been de-
posited during (as suggested by local uncon-
formities within the Black River and lower
Trenton) and immediately after (as revealed
by deepening upward) the local passage of a
peripheral bulge (fig. 5). It is along this bathy-
metric gradient that Cisne et al. (1982) deter-
mined a convergence rate of about 2 cm/yr .

Regional eastward tilting was accompanied
by motion on northeast-trending normal
faults which dominate the map pattern in the
Mohawk Valley (fig. 3; Megathlin 1938). Sev-
eral types of evidence indicate that these
faults were active during Medial Ordovician
times (Cisne et al. 1982): (I) the presence of
conglomerates (grading laterally into carbon-
ates and/or shales) immediately adjacent to
high-angle faults; (2) the presence of thicker
stratigraphic sections (as indicated by the dis-
tance between ash beds) within graben than
on adjacent horsts; (3) the presence of deeper
water facies within these graben; and (4) thin-
ning, pinchout, and/or absence of strati-
graphic units across the tops of horsts, indi-
cating syndepositional tilting of fault blocks.
While these observations provide evidence
for motion on particular faults at particular
times (Cisne et al. 1982, p. 241-243), not all
can be utilized readily in the rate calculation
because the zone of active normal faulting
had considerable width and duration. Those
Medial Ordovician faults in figure 3 which
can be dated appear to have first been active
during Black River and/or Trenton deposi-
tion. While some of these faults cut rocks as
young as the Utica Shale and Schenectady
and Frankfort turbidites, all significant mo-
tion clearly predated deposition of the Silu-
rian and Devonian (note the post-faulting dis-
conformity in the southwestern corner of fig.
3), except perhaps a small amount of
Neogene slip on the McGregor fault near
Saratoga (e.g., Willems et al. 1983). We
therefore infer that motion on an individual
fault began before the shelf was drowned,
and that displacement continued as the shelf
passed down the outer trench slope and was
buried by flysch in the trench floor (Bradley
et al. 1985b). Hence. faults in the east have
greater displacement (fig. 7) because they
were active longer. A rate calculation based
on the timing of all known fault motions
would be less accurate than one based, for~
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DISTANCE ACROSS STRIKE (km)

FIG. 7.-Dip slip on high angle faults in various convergent settings, plotted against distance across
strike. Note that slip increases toward the arc, and that the displacement on most faults is down toward the
arc. Faults in the Mohawk Valley plot in the same field as those along strike in the Taconic foreland in
Quebec and Newfoundland, as well as those in modem subduction systems. Data are from Fisher (1980),
Kay (1953), Willems et al. (1983), St. Ju1ien et al. (1983), Cumming (1983), Ludwig et a1. (1966), and Moore
et at. (1980).

fit) with a slope of about 2 cm/yr, similar to
the rates obtained from the youngest discon-
formity and the earliest motion on normal
faults. Possible problems with graptolite zo-
nation are discussed under "Limitations of
the Method."

Higher in the section is a second useful
lithologic transition, the contact between
shales of the Utica Formation and overlying
turbidites, which we interpret as the transi-
tion from outer trench slope to trench floor
environments. Graptolites show that it too is
somewhat time-transgressive, younger to the
west (Ruedemann 1912; Fisher 1977). In the
Amsterdam area (locality TI), this contact
occurs within the C. spiniferus zone, but near
Utica (locality T2) it is within the C. pyg-
maeus zone (Fisher 1977). More data on the
precise age of this contact at various loca-
tions are clearly needed, but the slope of the
line defined by the two available points in

to hemipelagic black shales of the Utica For-
mation. Previous workers (Chapple 1973;
Rowley and Kidd 1981) have inferred that the
Utica transgression was a result, at least in
part, of plate convergence. The additional in-
ference implicit in Cisne's work and adopted
here is that the rate of transgression reflects
the rate of plate convergence.

It has long been recognized (Ruedemann
1912; Fisher 1977) that the base of the Utica
and its lithologic equivalents is time-
transgressive, younger to the west. Thus, at
Canajoharie (fig. 3, locality SO, the base of
the Utica is in the Corynoides americanus
zone of Riva (1969, p. 13-5; 1974); while at
Frenchville (locality S3), this lithologic con-
tact lies about three graptolite zones higher ,
within the Climacograptus pygmaeus zone
(Riva 1969, p. 13-7). The age of this contact at
various locations, summarized in table I and
plotted in figure 6, defines a line (visual best-
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TABLE 1 stromes; Bosworth and Vollmer (1981)

DATA PLOTTED IN FIGURE 6 described both turbidites and olistostromes
that have become so strongly deformed that
they are more properly termed melanges. At
Moordener Kill (fig. 3, loc. Dl), the matrix
shale has yielded graptolites assigned by
Berry (in Zen 1967, p. 40) to his Zone 13
(zone of Orthograptus truncatus var. inter-
medius, corresponding to Riva's Climaco-
graptus spiniferus zone (1974, p. 3». At
nearby Rysedorph Hill, olistostrome blocks
contain graptolites assigned to the same zone
(see discussion in Zen 1967, p. 40).

No LocationAge

U = Youngest Unconformity in Medial

Ordovician Section
UI" 453 Amsterdam Q
U2b 452 Sprakers
U3" 448 Frenchville
S = Base of Utica and Equivalent Shales

Sld 452 Canajoharie
S2" 450.5 Little Fal1s Q.
S3" 448 Frenchvil1e
T = Base of Schenectady and Equivalent

Turbidites

ADDITIONAL APPLICATIONS

TO THE TACONIC OROGENY

Transport Distance of Allochthons.-An

unexpected and potentially useful benefit of

time-space plots such as figure 6 is a means of

estimating thrust transport distance indepen-

dent ofpalinspastic reconstructions. The data

in figure 6 are barely sufficient to allow a

crude estimate of the transport distance of

the Taconic Allochthon, which we will de-

scribe for illustrative purposes. If the base of

the Pawlet Formation records the arrival of

the depositional site of the Taconic sequence

at the trench during the zone of Diplograptus

multidens (Rowley and Kidd 1981), the place

where this occurred can be approximated by

assuming a constant rate of convergence and

projecting onto the rate line defined by the

base of the flysch (Point TO in fig. 6). On this

basis, it could be concluded that the Giddings

Brook Slice of the Taconic Allochthon was

deposited some 120 km east of its present lo-

cation, or somewhat less if the 2 cm/yr slope

is used. We suspect that the actual transport

distance was significantly greater, and that

the low estimate is due to a decreasing con-

vergence rate during Caradocian times.

Point DO in figure 6 represents melange

exposed beneath the Taconic Allochthon
at Whipstock Hill (fig. 3., loc. DO). If this

locality is autochthonous or at least

parautochthonous, it can be concluded that

the deformation front did not move toward

the craton at the same rate as the peripheral

bulge, the normal faulting front, or the lime-

stone-shale or shale-turbidite transitions.

Such a relationship would be consistent with

the idea that the last phase of convergence

between North America and the Am-

TOe 455 Granville

TI" 450 Amsterdam Q.

T2" 447.5 Utica
D = Compressional Deformation as Dated by

Olistostromes
DOf 453 Whipstock Hill

DIg 449 Moordener Kill

NOTE.- TO is from the Giddings Brook Slice of the Taconic AI-
lochthon. and DO is from parautochthonous (?) rocks beneath the
Taconic Allochthon.

'Fisher 1977. pc 4.
b Fisher 1980.
, Riva 1969. p 13-7
d Riva 1969. p 13-5.
, Rowley and Kidd 1981.
f Rickard and Fisher 1973. p. 588.

'Zen 1967. p.40.

figure 6 implies a convergence rate around 3

cm/yr.
Compressional Deformation.-Next in the

sequence of events in the foreland of an arc-
continent collision is compressional deforma-
tion. Our analysis thus far has been limited to
the region extending westward from the
thrust front. Hence, deformation can be
dated at only one location along the transect,
and a convergence rate cannot be derived
from this indicator. However, knowledge of
the age of deformation at x = 0 on the tran-

sect (fig. 6) is important for reasons discussed
under ..Additional Applications."

Deformation at the Taconic front is dated
by fossils in both clasts and the matrix of olis-
tostromes and related melanges of the Forbes
Hill Conglomerate (Wildflysch-type conglom-
erate of Zen 1967). These rocks outcrop im-
mediately in front of and beneath the Taconic
Allochthon and contain clasts belonging to
the Taconic, shelf carbonate, and flysch se-
quences. Ruedemann (1930) noted the pres-
ence of clasts which themselves are olisto-
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monoosuc Arc was taken up on out-of-
sequence thrusts to the east of the thrust
front, such as those faults which bring up
slivers of shelf carbonates and cut the Ta-
conic A1Iochthon into several slices (Rowley
and Kidd 1981). On the other hand, it is
equally plausible that the Whipstock Hill olis-
tostromes are not essentially in place, as is
commonly supposed, but instead have been
thrust several tens of kilometers westward
(W. S. F. Kidd, personal comm. 1984). Fig-
ure 6 would then provide a basis for estimat-
ing the transport distance.

Oblique Convergence and the Location of
the Taconic Euler Pole.-Because subduc-
tion and convergence between the North
American Craton and the Ammonoosuc Arc
may have been oblique rather than head-on,
our calculated rate is necessarily that of the
normal component of the relative motion vec-
tor. However, a time-space plot like figure 6

using distance along rather than across strike
could help resolve the component of relative
motion parallel to the orogen. Furthermore,
once these quantities are known for a
significant distance along strike, the location
of the Euler pole could be estimated.

accuracy within about 50,000 yrs (neglecting
any uncertainties in isotopic ages of the
boundaries of the Caradocian Stage). Even if
Fisher's age assignments (which are based on
more traditional biostratigraphic correlation
techniques) are less accurate by an order of
magnitude, this is probably not the greatest
source of chronologic error. One possible
problem not addressed in this study has been
raised by Cisne and Chandlee's (1982) reex-
amination of Caradocian graptolites in the
Mohawk Valley. They showed that the distri-
bution of some major graptolite genera was
partly dependent on water depth, and not
controlled solely by evolution, a tacit as-
sumption in Riva's (1974) zonation. In partic-

ular, Corynoides, Climacograptus, and Or-
thograptus ssp. appear to have populated
deeper to shallower waters in the order given.
From the standpoint of our results, Cisne and
Chandlee's (1982) findings are probably not
critical. Only one point (TI) in figure 6 was
assigned an age on the basis of graptolites in
the critical zones from C. Americanus to C .
Spiniferus, and TI seems anomalously

young.
Probably the greatest source of chronolog-

ical error is in assigning isotopic ages to the
fossil ages of these rocks. No isotopic deter-
minations have been made on strata in the
Taconic foreland, although a series of vol-
canic ash beds in the Trenton and Utica (Kay
1935; Cisne et al. 1982) may ultimately allow
more precise dating of the paleontologic divi-
sions used in the present study. We have
used values of 458 :t 8 and 448 :t 6 for the
base and top of the Caradocian, respectively
(Harland et ai. 1982): but it is possible that
the Caradocian spanned an interval as long as
24 m.y. or as short as a few million. Because
of these uncertainties, our rate calculation
could easily have inherited an error of greater
than 50%. Given these uncertainties and the
shortage of data in figure 6, lines were visu-
ally best-fit to determine convergence rates.

Effects of Sea Level Variation.-The con-
vergence rate calculation is based on the as-
sumption that changes in eustatic sea level
during the Taconic collision were relatively
minor, an assumption also made by Cisne et
al. (1982). Their graphical treatment of time-
depth relations across the Taconic foreland is
indeed sensitive enough to show one short
rise and fall of sea'(evel (interpreted as a eu-

LIMITATIONS OF THE METHOD

Effects of Decreasing Convergence
Rate.-Because we have only examined the

area from the craton to the thrust front, our

calculated convergence rate is probably a

minimum: it is based on features dating from

the final sfages of collision. We suspect that

those data plotted in figure 6 and best-fit to

lines actually fall on the steep segments of

curves which have "dog-leg" patterns like

that in figure 2b.

Chronologic Errors.-A detailed analysis
of the biostratigraphic framework of the Ta-

conic foreland is beyond the scope of this

study, but it is obvious that the rate calcula-

tion is founded on a knowledge of the fossil

ages of the various phenomena of interest. In

this paper, all age assignments are based on

Fisher's (1977) recent corTelation chart, and

thus on Kay's ( 1968) shelly fossil zonation for

the Black River and Trenton carbonates and

Riva 's ( 1974) graptolite zonation for the Utica

shales, Schenectady turbidites, and their

equivalents. Rabe and Cisne ( 1980) showed

by cross-correlation techniques that their age

assignments in the Trenton Group have an
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static event) superimposed on the longer- involving intensive sampling and counting of
term relative rise (interpreted as tectonically fossil populations.
induced). Possibly. some of this longer-term Since our method is based entirely on pub-
rise was partly eustatic: based on the record lished data that for years have been collected
from both sides of the lapetus ocean and on by survey geologists in connection with quad-
Gondwana tillites, McKerrow (1979) con- rangle mapping, it should be immediately
cluded that a rise in global sea level began at useful in the foreland of many Phanerozoic
the end of Llandeilian and continued into arc-continent collisions (e.g., the Antler and
Caradocian times. However, comparison of Ouachita) with reasonably good paleontolog-
thicknesses of Mohawk Valley and coeval ical age control. If this method can be applied
midcontinent limestones (e.g., Cook and successfully in a number of such collisions, it
Bally 1975) indicates that any eustatic effects may be possible to investigate relationships
were minor compared to the tectonically in- between convergence rate and the flexural
duced subsidence. behavior of the lithosphere as manifested in

foreland basin width and subsidence history.
DISCUSSION

The method of estimation of plate conver-

gence presented here yields results for the

Taconic (about 2 cm/yr for the last unconfor-

mity, the limestone/shale transition, and the

normal faulting front, and about 3 cm/yr for

the shale/turbidite transition) which are com-

parable to the 2 cm/yr determined by Cisne et

al. (1982). While Cisne et al.'s method is al-

most certainly more accurate than the one

described here, it cannot readily be used in

other areas without a major research effort

ACKNOWLEDGMENTS.- This study would
not have been undertaken were it not for the
work of John Cisne and colleagues in the
Mohawk Valley. Discussions with W. S. F.
Kidd, D. Rowley, and S. Tanski have con-
tributed to our understanding of the Ordovi-
cian of New York and the problems of quan-
tifying ancient plate motions. The paper was
written during a Post-Doctoral Fellowship to
D. Bradley, funded by Texaco, Inc.

REFEREN(

BERRY, W. B. N., 1962, Stratigraphy, zonation, and
age of the Schaghticoke, Deepkill, and Normans-
kill Shales, eastern New York: Geol. Soc.
America Bull., v. 73, p. 695-718.

BIRD, J. M., and DEWEY, J. F., 1970, Lithosphere
plate-continental margin tectonics and the evolu-
tion of the Appalachian Orogen: Geol. Soc.
America Bull., v. 81, p. 1031-1060.

BODINE, J. H., and WATTS, A. D., 1979, On litho-
spheric flexure seaward of the Bonin and
Mariana Trenches: Earth Planet. Sci. Letters, v.
43, p. 132-148.

BoswoRTH, W., and VOLLMER, F. W., 1981, Struc-
tures of the medial Ordovician flysch of eastern
New York: deformation of synorogenic deposits
in an overthrust environment: Jour. Geology, v.
89, p. 551-568.

BRADLEY, D. C.; KUSKY, T. M.; and TANSKI, S.,
1985a, Rate of plate convergence during the Ta-
conic arc-continent collision (Abs.): Geol. Soc.
America Abs. with Progs., v. 17, p. 6.

-;-; and KIDD, W. S. F., 1985b, Geom-
etry, displacement history, and origin of normal
faults on the Taconic outer trench slope: Geol.
Soc. London, Continental Extensional Tectonics
Symposium Abs., p. 29-30.

BURKE, K.; KIDD, W. S. F.; and BRADLEY, L., 1984,
Do Atlantic-type margins convert directly to An-
dean margins? (Abs.): Geol. Soc. America Abs.
with Progs., v. 16, p. 459.

:ES CITED

CHADWICK, G. H., 1917, Hypothesis for the relation
of normal and thrust faults in eastern New York
(abs.): Geol. Soc. America Bull., v. 28, p. 160-
161.

CHAPPLE, W. M., 1973, Taconic Orogeny: abortive
subduction of the North America continental
plate? (Abs.): Geol. Soc. America Abs. with
Progs.,v.ll,p.7.

CISNE, I. L., and CHANDLEE, G. 0., 1982, Taconic
foreland basin graptolites: age zonation, depth
zonation, and use in ecostratigraphic correlation:
Lethaia, v. 15, p. 343-363.

-;KARIG, D. E.;RABE, B. D.; and HAY, B.I.,
1982, Topography and tectonics of the Taconic
outer trench slope as revealed through gradient
analysis of fossil assemblages: Lethaia, v. 15, p.
229-246.

COOK, T. D., and BALLY, A. W. (eds.), 1975,
Stratigraphic Atlas of North and Central
America: Princeton, N.I., Princeton University
Press, 272 huge p.

CUMMING, L. M., 1983, Lower Paleozoic autoch-
thonous strata of the Strait of Belle Isle area:
Geol. Survey Canada Mem. 400, p. 75-108.

DICKINSON, W. R.; HARBOURGH, D. W.; SALLER,
A. H.; HELLER, P. L.; and SNYDER, W. S., 1983,
Detrital modes of Upper Paleozoic sandstones
derived from Antler Orogen in Nevada: Am.
lour. Sci., v. 283, p. 481-509.

DUBOIS, I.; LAUNAY, I.; and RECY, I., 1975, Some



680 D. C. BRADLEY AND T. M. KUSK'r

new evidence on lithospheric bulges close to is-
land arcs: Tectonophysics, v. 26, p. 189-196.

; and MARSHALL, J., 1977,
New Hebrides Trench: subduction rate from as-
sociated lithospheric bulge: Can. Jour. Earth
Sci., v. 14, p. 250-255.

FISHER, D. M., 1977, Correlation of the Hadrynian,
Cambrian, and Ordovician rocks of New York
State: New York State Mus. Map and Chart
Series 25, 75 p.

-, 1979, Folding in the foreland, Middle Or-
dovician Dolgeville Facies, Mohawk Valley,
New York: Geology, v. 7, p. 455-459.

-, 1980, Bedrock geology of the central
Mohawk Valley, New York: New York State
Mus. Map and Chart Series 33, 44 p.

--; ISACHSEN, Y. W.; and RICKARD, L. W.,
1970, Geologic Map of New York: New York
State Mus. Map and Chart Series 15.

HANKS, T. C., 1979, Deviatoric stresses and earth-
quake occurrences at the outer rise: Jour .
Geophys. Res., v. 84, p. 2343-2347.

HARLAND, W. B.; Cox, A. V.; LLEWELLYN, P. G.;
PICKTON, C. A. G.; SMITH, A. G.; and WALTERS,
R., 1982, A geologic time scale: Cambridge Uni-
versity Press, Cambridge, 131 p.

HATCH, N. L., 1982, Taconian line in western New
England and its implications to Paleozoic tec-
tonic history: Geol. Assoc. Canada Spec. Paper
24, p. 67-85.

HISCOTT, R. N., 1978, Provenance of Ordovician
deep-water sandstones, Tourelle Formation,
Quebec, and implications for the initiation of the
Taconic Orogeny: Can. Jour. Earth Sci., v. 15,
p.1579-1597.

Hsu, K. J., and SCHLANGER, S. 0.,1971, Ultrahel-
vetic Flysch sedimentation and deformation re-
lated to plate tectonics: Geol. Soc. America
Bull., v. 82, p. 1207-1218.

JACOBI, R. D., 1981, Peripheral bulge-a causal
mechanism for the Lower/Middle Ordovician un-
conformity along the western margin of the
Northern Appalachians: Earth Planet. Sci. Let-
ters, v. 56, p. 245-251.

JOHNSON, J. G., and PENDERGAST, A., 1981, Timing
and mode of emplacement of the Roberts Moun-
tains Allochthon, Antler Orogeny: Geol. Soc.
America Bull., v. 92, p. 648-658.

KARIG, D. E., and SHARMAN, G. F., III, 1975, Sub-
duction and accretion in trenches: Geol. Soc.
America Bull., v. 86, p. 377-389.

KAY, G. M., 1935, Distribution of Ordovician al-
tered volcanic materials and related clastics:
Geol. Soc. America Bull., v. 46, p. 226-231.

-, 1937, Stratigraphy of the Trenton Group:
Geol. Soc. America Bull., v. 48, p. 233-302.
-, 1953, Geology of the Utica Quadrangle,
New York: New York State Mus. Bull. 347, 121
p.

-, 1968, Ordovician formations in northwest-
ern New York: Naturaliste Canadien, v. 95, p.
1373-1378.

,¥ON-CAEN, H., and MOLNAR, P., 1985, Gravity
anomalies, flexure of the Indian plate, and the
structure, support, and evolution of the

Himalaya and Ganga Basin: Tectonics, v. 4, p.
513-538.

McKERROW, W. S., 1979, Ordovician and Silurian
changes in sea level: Jour. Geol. Soc. London, v.
136, p. 137-145.

MEGATHLIN, G. R., 1938, Faulting in the Mohawk
Valley: New York State Mus. Bull. 315, p. 85-
122.

~INSTER, J. B.; JORDAN, T. H.; MOLNAR, P.; and
HAINES, E., 1974, Numerical modeling ofinstan-
taneous plate tectonics: Geophys. Jour. Roy.
Astron. Soc., v. 36, p. 541-576.

", and -, 1978, Present-day plate mo-
tions: Jour. Geophys. Res., v. 83, p. 5331-5354.

MUSSMAN, W. J., and READ, J. F., 1986, Sedimen-
tology and development of a passive- to conver-
gent-margin unconformity: Middle Ordovician
Knox unconformity, Virginia Appalachians:
Geol. Soc. America Bull., v. 97, p. 282-295.

POTTER, D. B., and LANE, M. A., 1969, Some major
structural features of the Taconic Allochthon in
the Hoosick Falls area, New York-Vermont:
New England Intercollegiate Geol. Conf., 61st
Annual Meeting Guidebook, p. 12-0-12-23.

RABE, B. D., and CISNE, J. L., 1980, Chronostrati-
graphic accuracy of Ordovician ecostratigraphic
correlation: Lethaia, v. 13, p. 109-118.

RICKARD, L. V ., and FISHER, D. W ., 1973, Middle
Ordovician Normanskill Formation, eastern
New York, age, stratigraphic, and structural po-
sition: Am. Jour. Sci., v. 273, p. 580-599.

RIVA, J., 1969, Utica and Canajoharie Shales in the
Mohawk Valley: New England Intercollegiate
Geological Conference, 61st Annual Meeting
Guidebook, p. 13-1-13-7.

-' 1974, A revision of some Ordovician grap-
tolites of eastern North America: Palaeontology,

v.17,p.I-40.
ROBINSON, P., and HALL, L., 1978, Tectonic syn-

thesis of southern New England, in WONES, D.,
ed., The Caledonides in the USA: Blacksburg,
V A, Virginia Polytechnic Inst. , p. 73-82.

RoDGERs, J., 1968, The eastern edge of the North
American continent during the Cambrian and
Early Ordovician, in ZEN, E-AN, ed., Studies of
Appalachian Geology, Northern and Maritime:
New York, Wiley-lnterscience, p. 141-149.

-, 1971, The Taconic Orogeny: Geol. Soc.
America Bull., v. 82, p. 1141-1178.

ROWLEY, D. B., 1982, Structural and stratigraphic
implications of folded normal faults in orogenic
belts: examples from Vermont (abs.): Geol. Soc.
America Abs. with Progs., v. 14, p. 604.

-, and KIDD, W. S. F., 1981, Stratigraphic
relationships and detrital composition of the me-
dial Ordovician flysch of western New England:
implications for the tectonic evolution of the
Taconic Orogeny: Jour. Geology, v. 89, p. 199-
218.

RUEDEMANN, R., 1912, Graptolites of New York;
part 2, graptolites of the upper beds: New York
State Mus. Bull. 162, 151 p.

RUEDEMANN, R., 1930, Geology of the Capital Dis-
trict: New York State Museum Bull., v. 285, 218



RATE OF PLATE CONVERGE

SHANMUGAN, G., and LASH, G. G., 1982, Analo-
gous tectonic evolution of the Ordovician
foredeeps, southern and central Appalachians:
Geology, v. 10, p. 562-566.

STANLEY, R., and RATCLIFFE, N., 1985, Tectonic
synthesis of the Taconian orogeny in western
New England: Geol. Soc. of America Bull., v.
96, p. 1227-1250.

STEVENS, R. K., 1970, Cambro-Ordovician flysch
sedimentation and tectonics in western New-
foundland and their possible bearing on a proto-
Atlantic: Geol. Assoc. Canada Spec. Paper 7, p.
165-178.

TURCOTTE, D. L.; McAooo, D. C.; and CALDWELL,
J. G., 1978, An elastic-perfectly plastic analysis
of the bending of the lithosphere at a trench: Tec-
tonophysics, v. 47, p. 193-206.

NCE DURING THE TACONIC 681

VAN HOUTEN, F. B., 1974, Northern Alpine
molasse and similar Cenozoic sequences of
southern Europe: SEPM Spec. Pub. 19, p. 260-
273.

VEEVERS, J. J.; FALVEY, D. A.; and ROBINS, S.,
1978, Timor Trough and Australia: facies show
topographic wave migrated 80 km during the past
3 m.y.: Tectonophysics, v. 45, p. 217-227.

WILLEMS. H. X.; BOSWORTH, W.; and PUTMAN,
G. W ., 1983, Evidence for complex strain history
of the McGregor Fault, eastern Adirondacks: a
possible reactivated late Pre-Cambrian rift struc-
ture (abs.): Geol. Soc. America Abs. with
Progs., v. 15, p. 124.

ZEN, E-AN, 1967, Time and space relationships of
the Taconic Allochthon and Autochthon: Geol.
Soc. America Spec. Paper 97, 107 p.


